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Quantitative detection of changes in the leaf-mesophyll tonoplast
proteome in dependency of a cadmium exposure of barley
(Hordeum vulgare L.) plants
Abstract
Although the vacuole is the most important final store for toxic heavy metals like cadmium (Cd(2+)),
our knowledge on how they are transported into the vacuole is still insufficient. It has been suggested
that Cd(2+) can be transported as phytochelatin-Cd(2+) by an unknown ABC transporter or in exchange
with protons by cation/proton exchanger (CAX) transporters. To unravel the contribution of vacuolar
transporters to Cd(2+) detoxification, a quantitative proteomics approach was performed. Highly
purified vacuoles were isolated from barley plants grown under minus, low (20 microM), and high (200
microM) Cd(2+ )conditions and protein levels of the obtained tonoplast samples were analyzed using
isobaric tag for relative and absolute quantitation (iTRAQ). Although 56 vacuolar transporter proteins
were identified, only a few were differentially expressed. Under low-Cd(2+) conditions, an inorganic
pyrophosphatase and a gamma-tonoplast intrinsic protein (gamma-TIP) were up-regulated, indicating
changes in energization and water fluxes. In addition, the protein ratio of a CAX1a and a natural
resistance-associated macrophage protein (NRAMP), responsible for vacuolar Fe(2+) export was
increased. CAX1a might play a role in vacuolar Cd(2+) transport. An increase in NRAMP activity leads
to a higher cytosolic Fe(2+) concentration, which may prevent the exchange of Fe(2+) by toxic Cd(2+).
Additionally, an ABC transporter homolog to AtMRP3 showed up-regulation. Under high Cd(2+)
conditions, the plant response was more specific. Only a protein homologous to AtMRP3 that showed
already a response under low Cd(2+) conditions, was up-regulated. Interestingly, AtMRP3 is able to
partially rescue a Cd(2+)-sensitive yeast mutant. The identified transporters are good candidates for
further investigation of their roles in Cd(2+) detoxification.
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Abstract 
Although the vacuole is the most important final store for toxic heavy metals like cadmium 
(Cd2+), our knowledge on how they are transported into the vacuole is still scarce. It has been 
suggested that Cd2+ can be transported either as phytochelatin-Cd2+ by an unknown ABC 
transporter or in exchange with protons by CAX transporters. To unravel the contribution of 
vacuolar transporters to Cd2+ detoxification, a quantitative proteomics approach was performed. 
Highly purified vacuoles were isolated from barley plants grown under minus, low (20 µM), and 
high (200 µM) Cd2+ conditions and protein levels of the obtained tonoplast samples were 
analyzed using iTRAQTM. Although, 56 vacuolar transporter proteins were identified, however 
only a few were differentially expressed. Under low-Cd2+ conditions an inorganic 
pyrophosphatase and a γ-tonoplast intrinsic protein (γ-TIP) were upregulated, indicating changes 
in energization and water fluxes. In addition, the protein ratio of a calcium/proton exchanger 
(CAX1a) and an NRAMP, responsible for vacuolar Fe2+ export were increased. CAX1a might 
play a role in vacuolar Cd2+ transport. An increase in NRAMP activity leads to a higher cytosolic 
Fe2+ concentration which may prevent the exchange of Fe2+ by toxic Cd2+. Additionally, an ABC 
transporter homolog to AtMRP3 showed upregulation. Under high Cd2+ conditions, the plant 
response was more specific. Only a protein homologous to AtMRP3 that showed already a 
response under low Cd2+ conditions, was upregulated. Interestingly, AtMRP3 is able to partially 
rescue a Cd2+-sensitive yeast mutant. The identified transporters are good candidates to further 
investigate their roles in Cd2+ detoxification. 
 3 
1 Introduction 
Essential heavy metals such as Cu2+, Zn2+, Mn2+ are so-called micronutrients and required in 
trace amounts for optimal growth of living cells. However, if accumulated at high concentrations 
they are toxic. In contrast, other heavy metals such as Cd2+ and Pb2+ have no biological function 
and can be extremely toxic even if taken up at low concentrations. Cd2+ has massively increased 
in the environment since the beginning of industrialization and is one of the major pollutants 
worldwide. Since part of the Cd2+ taken up by plants is transferred from root-to-shoot via the 
xylem and apoplast [1, 2], Cd2+ enters the food chain of animals and humans. The toxicity of 
Cd2+ is due to its high reactivity with sulfhydryl groups, which leads to an inactivation of 
enzymes, and its interaction with binding sites of micronutrients, where Cd2+ may displace e.g. 
Zn2+ [3, 4]. Living organisms, from bacteria to men, have evolved mechanisms enabling them to 
at least partially cope with Cd2+ toxicity that was taken up. A detoxification strategy commonly 
found is the production of chelating compounds containing thiols, such as small proteins called 
metallothioneins [4], or peptides like glutathione and phytochelatins which strongly interact with 
Cd2+, reducing free Cd2+ within the cytosol and hence limiting Cd2+ toxicity [5-7]. In addition, 
several types of transport systems have been shown to contribute to heavy metal resistance, 
including P-type ATPases, ABC transporters or secondary energized heavy metal transporters 
[8-10]. They transport either free or conjugated heavy metals across biological membranes 
extruding them from the cytosol. In plants, these transporters are located either in the plasma 
membrane or in the vacuolar membrane and transport Cd2+ and other heavy metals into the 
apoplast or into the vacuole, respectively. These compartments have a limited metabolic activity 
and Cd2+ present in these compartments exhibit a reduced toxic potential. 
Due to its large volume, the vacuole plays a major role in the storage of heavy metals. 
Several vacuolar heavy metal transporters have been described (for an overview see [11]). 
Essential heavy metals such as Fe2+ or Zn2+ have to be stored within the vacuole if present in 
excess and exported if their concentration in the cytosol is limited. Indeed, Fe2+ importers as well 
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as exporters have been identified. For Zn2+ only the importer, MTP1, has been described [8, 12, 
13]. It is interesting to note that Arabidopsis halleri, a typical Zn hyperaccumulator, has a 
constitutive high expression of a MTP1 homologue [14]. In contrast to most essential heavy 
metals, it is still unclear how Cd2+ is transported into the vacuole of higher plants. In 
Saccharomyces cerevisiae, a MRP-type ABC transporter has been shown to transport bis-
glutathione-Cd2+, while in Schizosaccharomyces pombe, HMT1, a half size ABC transporter 
transports phytochelatin-Cd2+. In plants, evidence has been presented that at least one member 
of the CAX family exhibits a Cd2+-proton antiport activity [15]. Furthermore, transport studies 
suggest that an ABC transporter is responsible for the vacuolar phytochelatin transport [16]. 
Upregulation of the MRP-type ABC transporter AtMRP3 has been observed upon Cd2+ treatment 
[17]. This ABC transporter could also partially restore the Cd2+ sensitive yeast ycf1 [18]. 
Nevertheless, no transporter for phytochelatins or phytochelatin-Cd2+ has been identified so far. 
Plant organelle proteomics studies have been established recently and contributed to an 
in-depth insight into transporters residing in the membrane of a given organelle [19]. Such 
studies have also been performed with isolated vacuoles [20-23] and allowed the identification of 
new vacuolar membrane proteins. However, these studies do not give any information about 
changes of the vacuolar membrane proteome occurring in response to changes in 
environmental conditions. Changes in the quantity of specific proteins may indicate which 
transporters play important roles during Cd2+ stress. Roth et al. [24] undertook a proteomic study 
using 2-D electrophoresis and MALDI-MS. The authors observed an increase in proteins 
involved in metabolic pathways such as ATP sulfurylase, glutathione-S transferases and latex 
allergen-like proteins. However, this approach did not allow the analysis of membrane proteins. 
Lanquar et al. [25] undertook an approach to identify changes in the abundance of plasma 
membrane proteins in response to Cd2+ treatment by in vivo labelling Arabidopsis suspension 
cells with 15N. They identified 25 proteins, 10 corresponding to plasma membrane transporters. 
Although, the abundance of most proteins was not altered by Cd2+ treatment, peptides 
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corresponding to AtPDR8, an ABC transporter shown to be implicated in pathogen defence [26, 
27] and heavy metal resistance [28] and the ammonium transporter AtAMT1.1 [29] were present 
in 3- to 5-fold higher amounts in Cd2+ treated cell cultures. Despite the fact that the vacuole is 
the major Cd2+ store no study has so far investigated whether the abundance of vacuolar 
membrane proteins changes in response to Cd2+ stress. 
In the present work, we used the isobaric tags for relative and absolute quantification 
(iTRAQTM) protein labelling technology followed by strong cation exchange (SCX) 
chromatography and liquid chromatography coupled to matrix assisted laser 
desorption/ionization time of flight tandem mass spectrometry (LC-MALDI-TOF/TOF MS) to 
quantify vacuolar membrane proteins isolated from primary leaves of barley plants treated with 
0, 20 µM and 200 µM Cd2+. Our results show that the protein ratio is increased only for a few 
vacuolar proteins and that, surprisingly, more changes occur under the low Cd2+ condition. 
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2 Materials and Methods 
 
2.1 Materials used for iTRAQTM labelling 
The iTRAQTM reagent multi-plex kit (reference 4352135, Applied Biosystems) contained the 
necessary reagents for resuspension (Dissolution Buffer: 500 mM triethylammonium 
bicarbonate, pH 8.5), reduction (Reducing Reagent: 50 mM tris-(2-carboxyethyl)phosphine), 
alkylation (Cysteine-Blocking Reagent: 200 mM methyl methanethiosulfonate) and differential 
labelling of protein samples. For all described samples, the protocol from Applied Biosystems 
was followed. Sequencing grade modified trypsin was purchased from Promega (reference 
V5111). 
 
2.2 Growth and Cd2+-treatment of barley plants 
Barley (Hordeum vulgare) var. Baraka was grown in vermiculite (Vermica, Switzerland) in a 
controlled environmental chamber (16 h light/8 h dark, 300 µE m-2 s-1, 22°C, 60% relative 
humidity) and watered with Luwasa hydroculture nutrient solution (Interhydro, Switzerland). After 
a growth period of three days without Cd2+, plants were treated for seven days either with 
nutrient solution (control) or nutrient solutions containing 20 µM or 200 µM Cd2+, respectively. 
 
2.3 Determination of free Cd2+ 
Primary leaves were cut and dried at 80°C. Cd2+ was extracted by a 1.8 M H2SO4 treatment and 
analyzed as described [17]. To determine Cd2+ content in the growth substrates, 50 g of 
Vermiculite was centrifuged at 3000 g for 10 min. Cd2+ was analyzed in the resulting supernatant 
by atomic absorption spectroscopy (AAS) as described [30]. 
 
2.4 Isolation and purification of vacuoles 
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Barley mesophyll vacuoles were isolated from primary leaves of 10-d-old plants. After removing 
the lower leaf epidermis, cell walls were digested in Medium A (500 mM sorbitol, 10 mM MES-
KOH, pH 5.6, 1 mM CaCl2) containing, 0.6% (w/v) cellulase Y-C (Seishin Pharmaceuticals, 
Tokyo, Japan), and 0.06% (w/v) pectolyase Y-23 (Seishin). Leaf material was digested for 2 h at 
30°C. Protoplasts were collected by centrifugation (7 min, 260 g, 20°C) on a Percoll (GE-
Healthcare, Buckinghamshire, UK) cushion (Medium B: 500 mM sorbitol and 20 mM HEPES, pH 
7.2 dissolved in Percoll). For protoplast purification, protoplasts were resuspended in Medium B, 
overlayed with 30% (v/v) Percoll in Medium B and Medium B alone. After centrifugation (10 min, 
100 g, 20°C) intact protoplasts accumulated at the upper interphase. Protoplasts were recovered 
and mixed with two volumes of lysis buffer (Medium C: 200 mM sorbitol, 10% (w/v) Ficoll, and 20 
mM Hepes-KOH, pH 7.2). For the purification of vacuoles, the protoplast lysate was overlayed 
with a medium consisting of equal volumes of Medium B, C and D (400 mM glycinebetaine and 
20 mM Hepes-KOH, pH 7.2) and Medium D. After centrifugation (15 min, 260 g, 4°C), pure 
vacuoles accumulated at the upper interphase. They were collected and transferred directly to -
80°C for storage. 
 
2.5 Isolation of tonoplast proteins 
Tonoplast vesicles were isolated by sonication of purified vacuoles and subsequent 
ultracentrifugation for 1 h at 100,000 g [21]. The supernatant was removed and the tonoplast 
pellet was resuspended in 20 mM HEPES-KOH, pH 7.2. The membranes were treated by 
washing with 0.3 M KI followed by an additional ultracentrifugation for 1 h at 100,000 g. Finally, 
the membranes were resuspended in iTRAQTM dissolution buffer to a final protein concentration 
of 5 mg/mL. The protein concentration was quantified according to Bradford [31] using the 
Pierce protein assay (Pierce, Rockford, USA). 
 
2.6 Preparation and labelling of tonoplast proteins for proteome analysis 
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To achieve high quality peptide recovery data in our experiments, the methods to dissolve the 
proteins, to digest proteins with trypsin, and to label the tryptic peptides with the iTRAQ reagents 
were improved in pre experiments. Tonoplast proteins were dissolved in iTRAQTM-Dissolution 
buffer in a final volume of 20 µL. Proteins were reduced, Cys alkylated and trypsin digested as 
stated in Applied Biosystems iTRAQTM Reagents Protocol with the following exceptions. To 
improve the solubilization of the membrane proteins, the SDS amount was increased to 0.2% 
final concentration. The iTRAQTM labelling of the resulting peptides was performed according to 
the manufacturer’s manual. Labelling efficiency was tested using MALDI-TOF/TOF analysis of 
aliquots of the labelling reaction. Labelled peptides were separated into 27 fractions by strong 
cation exchange (SCX) - chromatography. Samples were injected by using an autosampler 
(Agilent 1100 series) and directly loaded onto a 2.1 mm x 200 mm SCX-column 
(PolySULPHOETHYL A, 5 µm, 300-Å, Poly LC). Peptides were eluted at a flow rate of 0.3 
ml/min by using the following gradient: 0-10 min, 0% solvent B, 10-50 min, 0-35% solvent B; and 
50-65 min, 35-100% solvent B. Solvent A contained 10 mM KH2PO4 and 25% acetonitrile and 
solvent B contained 10 mM KH2PO4, 25% acetonitrile, and 0.5 M KCl. The pH of both buffers 
was adjusted to less than 3. Fractions were pooled to four master-fractions according to the SCX 
spectrum and purified using a C-18 column (Sep-Pak cartridge, Waters Corporation, USA). 
 
2.7 Nano-LC separation and MALDI target spotting of tryptic peptides 
Peptide separation was performed on an Ultimate chromatography system (Dionex - LC 
Packings, Sunnyvale, CA) equipped with a Probot MALDI spotting device. An aliquot of five µL 
out of a total volume of 10 µL of the SCX-fractions were injected using a Famos autosampler 
(Dionex - LC Packings) and loaded directly onto a 75 µm x 150 mm reversed-phase column 
(PepMap 100, 3 µm; Dionex - LC Packings). The injection volume was chosen with respect to 
the peptide binding capacity of the reversed-phase column in order to obtain optimal 
chromatographic resolution. Peptides were eluted at a flow rate of 300 nL/min by using the 
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following gradient: 0-15 min, 0% solvent B; 15-105 min, 0-50% solvent B; and 105-115 min, 50-
100% solvent B. Solvent A contained 0.1% TFA in 95:5 water/acetonitrile, and solvent B 
contained 0.1% TFA in 20:80 water/acetonitrile. For MALDI analysis, the column effluent was 
directly mixed with MALDI matrix (3 mg/mL α-cyano-4-hydroxycinnamic acid in 70% 
acetonitrile/0.1% TFA) at a flow rate of 1.1 µL/min via a µ-Tee fitting. Fractions were 
automatically deposited every 10 s onto a MALDI target plate (Applied Biosystems, Toronto, 
Canada) using a Probot micro fraction collector. A total of 416 spots were collected from each 
HPLC run. 
 
2.8 MALDI-TOF/TOF mass spectrometry 
MALDI plates were analyzed on a 4800 MALDI TOF/TOF system (Applied Biosystems) 
equipped with a Nd:YAG laser operating at 200 Hz. All mass spectra were recorded in positive 
reflector mode and generated by accumulating data from 1000 laser shots. First, MS spectra 
were recorded from peptide standards on each of the eight calibration spots, and the default 
calibration parameters were updated. Second, MS spectra were recorded for all sample spots on 
the MALDI target plate (416 spots per sample, 4 samples per plate). The MS spectra were 
recalibrated internally based on the ion signal of neurotensin peptide. Spectral peaks that met 
the threshold criteria and were not on the exclusion list containing m/z values of neurotensin 
(internal standard) and trypsin peptides were included in the acquisition list for the MS/MS 
spectra. The following threshold criteria and settings were used: Mass range: 750 to 4000 Da; 
minimum signal-to-noise (S/N) for MS/MS acquisition: 100; maximum number of peaks/spot: 10. 
Peptide CID was performed at a collision energy of 1 kV and a collision gas pressure of 
approximately 2 x 10-6 Torr. During MS/MS data acquisition, a method with a stop condition was 
used. In this method, a minimum of 1000 shots (20 sub-spectra accumulated from 50 laser shots 
each) and a maximum of 2000 shots (40 sub-spectra) were allowed for each spectrum. The 
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accumulation of additional laser shots was halted whenever at least 4 ion signals with a S/N of at 
least 100 were present in the accumulated MS/MS spectrum, in the region above m/z 200. 
 
2.9 Peptide and protein identification by database search 
Protein Pilot Software 2.0.1, software revision number 50861 (Applied Biosystems) was used for 
submitting data acquired with the MALDI-TOF/TOF mass spectrometer for database searches. If 
not stated otherwise, the software default settings were used. The MS/MS data were searched 
using the ParagonTM algorithm [32] as the search engine. The following search settings were 
used: iTRAQ-4plex labelling of lysine and of the N-terminal amino group of peptides and methyl 
methanethiosulfonate (MMTS) derivatization of cysteine were specified as fixed modifications. 
Trypsin was chosen as digesting reagent. Further substitutions or modifications were not 
allowed. Search effort was set to Thorough. MS/MS data were searched against a database 
containing the NCBI protein database of the Liliopsida (GI4447) and 12,565 proteins derived 
from barley EST sequences. The protein sequences were generated by downloading EST 
derived consensus sequences from the CR-EST: The IPK Crop EST Database (http://pgrc.ipk-
gatersleben.de/cr-est/files/barley/consensus_g02.fasta). EST consensus sequences were 
translated into protein sequences by using OrfPredictor 
(https://fungalgenome.concordia.ca/tools/OrfPredictor.html; [33]). Also common contaminants 
(306 proteins) were added to the database (total number of database entries was 204653). The 
protein confidence threshold cut-off for this study is ProtScore 2.0 with at least one peptide with 
99% confidence. Protein grouping was performed by the ProGroupTM algorithm within the 
ProteinPilotTM software before final display. To evaluate false discovery rates (FDRs), we 
performed decoy database searches against a concatenated database containing forward and 
reversed protein sequences of all entries of the Liliopsida and EST database (in total 409303 
entries) using identical search parameters and validation criteria. The FDRs were calculated by 
dividing the number of reverse sequence hits by the total number of hits in the decoy database 
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minus the reverse sequence hits. We obtained false discovery rates of 3.2 % (low Cd2+) and 2.1 
% (high Cd2+) on the protein level. All identified false positives were single peptide identifications. 
 
2.10 Protein quantification 
The protein ratio representing the average of the weighted log ratios of all peptides used for 
protein quantification, the standard deviation, and p-values to estimate statistical significance of 
protein quantification were calculated by the ProGroupTM algorithm within the ProteinPilotTM 
software using the default settings. For quantification, the peak areas of the iTRAQTM reporter 
ions 114, 115, 116, and 117 were used. For the low and the high Cd2+-treatment, two 
independent biological experiments were labelled with different iTRAQ-reagents (Exp. 1. label 
114 for control and label 116 for treatment; Exp. 2. label 115 for control and label 117 for 
treatment), combined and analyzed as one sample using the LC-MALDI-TOF/TOF workflow. 
Proteins were assigned as upregulated when the regulation factors were higher than 1.3 in both 
independent biological experiments and the corresponding p-values were below 0.05. For single 
peptide identified proteins, positive regulation was assigned when regulation factors were above 
1.3 in both experiments. For quantification, only peptides with 99% confidence were used. If a 
peptide was identified in different labelling states, all obtained data were used for quantification. 
If a peptide was identified multiple times in different modification states, only the data from 
unmodified peptides were used.  
 
2.11 Western Blotting 
Western blotting was carried out using antibodies for TIP [34], PIP [35] and LHCb3 (Agrisera AB, 
Sweden). Secondary antibodies (anti-rabbit or anti-chicken, coupled to alkaline phosphatase 
[AP] or horse radish peroxidase [HRP]; Promega) were diluted 1:3,000 (AP) or 1:25,000 (HRP) 
in TBST (0.2 M Tris-HCl, pH 7.5, 0.5 M NaCl, 0.05% (v/v) Tween 20). AP detection mixture was 
prepared by adding 66 µL of nitroblue tetrazolium (Promega) and 33 µL of 5-bromo-4-chloro-3-
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indolyl phosphate (Promega) to 1 mL of AP buffer (0.1 M Tris-HCl, pH 9.5, 0.5 M MgCl2). The 
activity of HRP was detected using a Chemiluminescence Blotting Substrate kit (SuperSignal 
Chemiluminescent Working Solution; Pierce) according to the manufacturer’s instructions. 
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3 Results 
To perform quantitative proteomic studies of vacuolar membrane proteins from plants exposed 
to Cd2+ or other environmental stresses, two main prerequisites are required: i) highly purified 
vacuoles have to be isolated from plants grown under different well-defined environmental 
conditions, ii) a database has to be available which allows the identification of a very large 
number of peptides. Barley has been shown to be very suitable for this purpose, particularly as it 
is relatively tolerant to Cd2+. We succeeded to get highly purified vacuoles from mesophyll 
protoplasts isolated from primary leaves grown under three different conditions chosen (see 
below). The advantage of barley as a poacea is that only one type of mesophyll cells exists and 
that the difference in age is minimal between the different vacuoles. Furthermore, it has 
previously been shown that the use of the available database allows the identification of a very 
large number of peptides corresponding to vacuolar membrane proteins from barley. By 
introducing protein sequences derived from barley EST-sequences (Crop-EST Database, IPK 
Gatersleben) into the database we were able to further increase the peptide identification rate.  
 
3.1 Cd2+ was taken up into barley plants 
Barley plants took up significant amounts of Cd2+ (Table 1). After ten days of growth in the 
absence or presence of Cd2+, plants were evaluated to detect developmental changes in 
response to Cd2+-treatment. No phenotype was visible on the leaf or root level (Figure 1). These 
findings indicate that the chosen Cd2+-treatment conditions were not toxic to the plant although 
the 200 µM-treated plants accumulated 16.7 µM Cd2+. This was important since, in case of 
visible changes, the results obtained would not allow to differentiate between secondary toxic 
effects, effects caused by plant growth retardation, and the plant's specific response to Cd2+. 
Therefore, the conditions chosen were appropriate for the purpose investigate the plant 
responses within a physiological range.  
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3.2 Highly pure vacuolar fractions were isolated 
In an earlier proteomic study [21], a mechanical lysis method was used to isolate highly purified 
vacuoles from barley mesophyll protoplasts. As this method was not suitable for Cd2+-stressed 
plants, therefore, we established a protocol based on osmotic lysis (for details see experimental 
procedures). This approach allowed the isolation of highly purified vacuolar fractions from barley 
leaf mesophyll cells grown under control conditions and in the presence of Cd2+ (Figure 2). 
Microscopic observations as well as Western blot analysis of control and Cd2+-treated samples 
indicated that all isolated vacuoles exhibited only minor or negligible contaminations with 
thylakoid membrane (LHCb3) or plasma membrane (PIP) proteins (Figure 2). These findings 
suggest that the isolation procedure was similarly efficient for all plant material used. Since the 
protein content of the vacuolar membrane corresponds to less than 1% of the total cellular 
protein content, the presence of very low and similar rates of contamination in the different 
vacuolar fractions is a prerequisite to quantitatively compare the different vacuolar fractions. 
 
3.3 Quantitative proteomics analysis of the tonoplast after Cd2+-treatment 
In this study, iTRAQTM-based stable isotope labelling of tonoplast proteins was carried out to 
obtain insight into the underlying mechanisms of Cd2+-dependent changes of the tonoplast 
proteome. Using the ProteinPilot software with the newly developed ParagonTM search algorithm 
MS/MS-spectra information was compared with a database containing all proteins of the NCBI 
Liliopsida database and protein sequences derived from translated barley EST sequences (for 
details see experimental procedures, peptide and protein identification by database search). 
Two independent experiments were performed for the low and high Cd2+ treatment, respectively. 
In total, we could identify 51 vacuolar transporters under low Cd2+ conditions and 48 
under high Cd2+ conditions (Supplemental Tables S1 and S2). The introduction of the barley 
EST library allowed identifying 12 (low Cd2+) and 11 (high Cd2+) additional proteins, respectively. 
Most of the 13 vacuolar ATPase subunits (11 in the low Cd2+ experiments and 10 in the high 
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Cd2+ experiments) were identified (Supplemental Tables S1 and S2). Also, most of the other 
already identified tonoplast transporters [20-23, 36, 37] were found (Supplemental Tables S1 
and S2). Additionally, novel transporters were identified in this study, i.e. two CAX transporters 
(CAX1a, gi|73917674 and CAX5, gi|122056133) and one aluminium-activated malate 
transporter protein (gi|53793189[38]). 
For protein quantification, bias correction was automatically applied by the Protein Pilot 
software to diminish influences of incorrect mixing of the samples. Wrong mixing ratios would 
cause large errors in the quantification of tonoplast proteins because these proteins reflect only 
a minority of total cellular proteins. Under both conditions, the median protein ratio that is used 
for bias correction between the different treatments was close to one (low Cd2+ Exp1: 0.758, 
Exp2: 0.705; high Cd2+ Exp1: 0.798, Exp2: 0.725). This finding indicates that the protein amount 
mixed together form the different samples was in a similar range. Only a minority of the proteins 
showed a Cd2+-dependent alteration in the protein ratio (Table 2). Surprisingly, more changes 
were observed for the low Cd2+ treatment than for the high Cd2+ treatment. Under low Cd2+ 
conditions, one isoform of the vacuolar H+ pyrophosphatase (No. 13; gi|11527561) was 
upregulated 2-fold, a γ-TIP-like aquaporin (No. 35; gi|520936) was upregulated 1.9-fold, a 
member of the NRAMP-family (No. 34; gi|28865876) was upregulated 2.3-fold, a CAX1a-like 
transporter (No. 23; gi|73917674) was upregulated 1.4-fold, and one vacuolar protein with still 
unknown function (No. 47; gi|115452029) exhibited an increase in protein expression level of at 
least 1.3-fold in vacuoles of Cd2+ treated plants in the duplicate experiments. Additionally, a 
MRP-like transporter (no 20; gi|27368887) was upregulated 1.3-fold. The identified NRAMP is 
the vacuolar membrane protein exhibiting the highest increase in mean protein ratio. 
In contrast to the low Cd2+ treatment, only one protein appeared to be present in higher 
amounts when plants were treated with 200 µM Cd2+ (Table 2), a MRP-like ABC transporter (No. 
20; gi|27368887 homologous to AtMRP3) was upregulated 1.5-fold in both experiments. 
Interestingly, the same protein was also upregulated under low Cd2+.
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4 Discussion 
Although the vacuole is the most important final store for toxic heavy metals, our knowledge on 
how they are transported into the vacuole and which transporter plays which role is still scarce. 
Cd2+ induces transporters that may contribute to detoxification processes. Therefore, Cd2+ 
treatment is expected to have an impact on the vacuolar proteome. Here, we identified some 
vacuolar proteins whose expression levels clearly increased in response to Cd2+ treatment. 
 
4.1 Database design and identification of proteins 
Proteomics analysis can be facilitated when the DNA sequence of the investigated organism is 
already sequenced to perform easy and reliable protein identification. Although this is not the 
case for barley, the use of the NCBI Liliopsida database which contains the protein sequences of 
the closest sequenced barley relative, rice (Oryza sativa) and many other monocotyledonous 
plants, led to the identification of a large number of barley proteins in a tonoplast proteomics 
approach [21]. In this study, the identification rate was further increased by including additional 
12,000 protein sequences derived from a translated barley EST database (for details see 
experimental procedure). Furthermore, the use of a gel-free LC-MALDI-TOF/TOF MS method 
allowed the signal detection of a higher number of peptides from low abundant transporter 
proteins. Compared to our first barley tonoplast proteome analysis where 22 transporter proteins 
were identified in the KI washed membrane fraction [21], we identified 51 transporter proteins 
using similar techniques to obtain and purify the tonoplast proteins (for detailed comparison of 
the results see Sublemental Tables S1 and S2). Although the introduced EST sequences to our 
knowledge are the currently best available barley sequence information the lack of the total 
genomic sequence is still a limiting factor of the proteomic approach. Hence, it can not be ruled 
out that some transporters are missing in our analysis. However, searching for sequences of 
known heavy metal transporters revealed that the most of them are included in our combined 
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database. Furthermore, it is worth noting that barley transporters exhibit a very high (>80%) 
homology to rice membrane proteins. 
 
4.2 The tonoplast energization is altered under low Cd2+ 
Under low Cd2+ exposure, an isoform of the vacuolar H+-PPase is increased, suggesting that 
energization of the vacuole is altered by a mild stress. In a transcriptomic study with Arabidopsis 
thaliana exposed to different Cd2+ concentrations, a slight upregulation (1.7-fold) of the H+-
PPase (At1g16780) was also observed exclusively under the low Cd2+ concentration in 
Arabidopsis leaves [39]. The fact that the H+PPase and not the H+ATPase is upregulated might 
indicate that, under stress conditions, energization of the vacuole occurs through the H+PPase 
which is constituted by only one polypeptide and not by the complex H+ATPase.  
 
4.3 The tonoplast water permeability is altered under low Cd2+ 
Cd2+ is known to have an effect on water flux and the observation of a γ–TIP-like vacuolar 
aquaporin is likely to be a response to these altered water fluxes. In contrast to our study, 
expression of TIP proteins was found to be downregulated in a previous transcriptome study 
[39]. These results may suggest that the low Cd2+-treatment alters the permeability of the 
tonoplast and thus causes waterflux alterations. The question whether if the permeability 
increases as indicated by our results or decreases as indicated by the transcriptome analysis 
remains to be investigated. 
 
4.4 A CAX-transporter homolog is upregulated under low Cd2+ 
Members of the CAX transporter family are able to facilitate Cd2+ transport [15]. In our study, we 
have identified two members of the CAX family, OsCAX1a (closest Arabidopsis homologue is 
At3g51860) and AtCAX5 (At1g55720). The OsCAX1a homologue is upregulated under low Cd2+ 
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indicating that this transporter might play an important role in Cd2+ detoxification by exchanging 
free Cd2+ against protons which allows Cd2+ accumulation in the vacuole. 
 
4.5 NRAMPs are upregulated under low Cd2+ 
Given that NRAMPS enable the transport of iron from the vacuole into the cytosol, the increase 
of the identified NRAMP indicate that at low Cd2+ levels, iron is exported from the vacuole to 
increase its cytosolic concentration and reduce the displacement of iron acting as a cofactor in 
enzymes. It is interesting to note that, in the above-mentioned transcriptome study, the 
Arabidopsis homologue (At1g47240) was also slightly upregulated (1.8-fold) under low Cd2+ 
conditions in leaves but not under high Cd2+ conditions. Also, the transcription of other NRAMPs 
was upregulated. Expression of NRAMP3 and 4 (At2g23150 and At5g67330) were influenced by 
the presence of Cd2+ in a similar way but both at low and high Cd2+ levels and as a long term 
effect [39]. It has to be mentioned, that the identified NRAMP is the only known full-length 
NRAMP of barley [40]. In this case, missing information about barley NRAMP sequences might 
reduce the probability of the identification and quantification of other barley NRAMPs which may 
be involved in Cd2+ tolerance. Nevertheless, the increased expression levels of NRAMP genes 
together with protein levels seem to be a general answer of the plant to cope with the Cd2+-
derived stress symptoms. 
 
4.6 AtMRP3 is upregulated under low and high Cd2+ 
Most of the changes in the protein ratio observed for the low Cd2+ concentrations were not 
observed when barley seedlings were exposed to high Cd2+ concentrations. Also, this finding is 
in agreement with [39]. Only one protein, an MRP-like ABC transporter, exhibited an increased 
protein ratio in the low and high Cd2+ experiments. Interestingly, this MRP exhibits the highest 
homology to AtMRP3, the Arabidopsis MRP, which responds most strongly to Cd2+ treatment in 
Arabidopsis [17]. AtMRP3 partially restores Cd2+ tolerance in a Cd2+-sensitive yeast, suggesting 
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that it is involved in vacuolar Cd2+ transport. The sequence homology to AtMRP3 and the Cd2+-
induced elevation of expression suggest that this barley homolog of AtMRP3 is also involved in 
vacuolar Cd2+ transport. In [39], the AtMRP3 gene is missing and thus a comparison with this 
global analysis is not possible. As in our proteomic study, the other identified MRP-type ABC-
transporters (At2g34660 and At2g47800) do not respond on the transcriptome level. 
 
4.7 Some of the identified proteins might be regulated unspecifically or in a Cd2+-
independent manner 
For some proteins, a large difference in their protein ratios was observed between the two 
independent low-Cd2+ experiments. For example, the ratio of the C-subunit of the ATPase is 
highly variable between the two experiments (No. 10; gi|857574; Exp1: 1.6-fold; Exp2: 5.8-fold; 
Table 2). This might reflect rapid changes in the protein content of this subunit independently of 
the Cd2+-treatment, while the protein ratio of other subunits of the ATPase remain close to one. 
A similar observation has been made in investigations of transcript levels of the H+-ATPase of 
Mesembryanthemum crystallinum, a facultative CAM plant. While the expression of subunits A 
and B did not change much after the addition of salt in adult leaves, transcripts of subunit C 
increased dramatically during the day and decreased during the night [41]. Another explanation 
for these changes might be the fact that under low Cd2+ the mesophyll cells adaptation of the 
whole cell metabolism to achieve a metabolic state thet can cope with the exposure of low 
concentrations of free Cd2+. This adaptation process might include unspecific secondary 
responses to the applied stress. 
In contrast to the low Cd2+ experiment, no such unspecific variations were observed 
under high-Cd2+. This might be due to the fact that the plant answer is more directed to a 
detoxification process by a transport of Cd2+ into the vacuole that needs only the differential 
expression of a few proteins. The detoxification process would lead to a removal of free Cd2+ 
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from the cytoplasm which would prevent unspecific secondary responses in the metabolism of 
the leaf mesophyll cells. 
 
4.8 Concluding remarks 
For a large number of proteins identified in our study, the function and localization is not yet 
known and it is therefore tempting to speculate that they may have important roles in Cd2+ 
tolerance. Nevertheless, it should be stated that our vacuolar proteomics approach revealed a 
surprising degree of similarity in expression patterns when compared with a recent transcriptome 
analysis using a completely different plant, Arabidopsis thaliana. This indicates that our results 
are reliable and that, with the exception of the γ-TIP proteins, genes that are upregulated at the 
transcriptome level are also present in higher amounts at the protein level. These genes may 
well have a specific function in Cd2+ transport into the vacuole and play an important role in Cd2+ 
detoxification of barley leaf mesophyll cells. 
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Figure legends 
 
Figure 1 
Phenotypical observation of Cd2+-treated barley plants. Plants were grown for 10 d. During the 
last six days of growth, plants were treated with Cd2+. Photographs of barley plants grown under 
minus (A), low Cd2+ (B) and high Cd2+ (C) conditions. Photographs of roots of barley plants 
grown under minus (D), low Cd2+ (E) and high Cd2+ (F) conditions. Neither on the leaf nor on the 
root level was a Cd2+-dependent phenotype visible. 
 
Figure 2  
Quality of isolated vacuolar fractions. A, Micrographs of highly purified vacuoles of barley 
primary leaves. B, Western blot analysis to investigate vacuolar purity. Vacuolar purity was 
determined using antibodies against (i) TIP as a positive control, (ii) LHCb3 to determine 
contamination with thylakoid membranes, and (iii) PIP to determine plasmamembrane 
contamination. Contaminations with both membrane types were negligible. LHC = Light 
harvesting complex, PIP = plasma membrane intrinsic protein, Ppl = protoplasts, TIP = tonoplast 
intrinsic protein, Vac = vacuoles. 
 
Supplemental figure F1  
MS/MS-spectra and fragmentation table used for single peptide protein identification. The 
peptides were listed separately for the low (20 µM) and high (200 µM) Cd treatment and 
arranged alphabetically. The peptide precursor m/z, peptide charge, peptide sequence, identified 
peptide modifications and the peptide confidence are listed. @, position of identified 
modification; Conf, confidence; Dea, deamidated; IT4, iTRAQTM-4plex; Prec, precursor. 
 
Supplemental Figure F2 
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MS/MS spectra and fragmentation table of peptides that were assigned to significantly 
upregulated proteins. The peptides used for protein quantification were selected automatically 
from the ProteinPilotTM software. If a peptide sequence is listed severalfold, it was detected in 
more than one spot during LC-MALDI-TOF/TOF analysis. The peptide precursor m/z, peptide 
charge, peptide Δ mass, peptide sequence, identified peptide modifications and the peptide 
confidence are listed.@, position of identified modification; Conf, confidence; Dea, deamidated; 
IT4, iTRAQTM-4plex; Prec, precursor. 
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Tables  
 
Table 1. Cd2+ concentration in the growth substrates and in barley plants. Cd2+ was 
determined by atomic absorbtion spectroscopy. Values represent the mean of at least three 
measurements. N.d. = not detectable 
 Control Low Cd2+ High Cd2+ 
Cd2+ concentration in nutrient solution 0 20 200 
Accessible Cd2+ in nutrient solution n.d. 4.4 12.6 
Cd2+ concentration in barley primary leaves 0.8 2.5 16.7 
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Table 2. Quantitative analysis of tonoplast protein levels after a plant Cd2+-treatment. Tonoplast integral membrane proteins 
were isolated from either low (20 µM) or high (200 µM) Cd2+-treated plants. The peptides used for protein identification and 
quantification of the regulated proteins, the peptide confidence (Conf), peptide ratios, protein ratios, and p-values given by the 
ProteinPilot software are presented in the table. Both treatments were performed twice and data presented here represent all 
information obtained in the experiments. If no p-value is given, results are obtained by a single peptide identification. Exp = 
Experiment 
 
No. Protein name Conf Peptide sequence Peptide ratios Exp 1 Exp 2 
    Exp 1 Exp 2 
Protein 
ratio p-Value 
Protein 
ratio p-Value 
20 µM Experiment         
13 Vacuolar H+ pyrophosphatase 
[Hordeum vulgare] 99 DGATEYLIEEEEGLNDHNVVLK 1.34 2.51 2.48 0.033 2.068 0.004 
  99 EEEEGLNDHNVVLK 1.87 1.11     
  99 EVDQIEPALK 0.76 2.02     
  99 KYIEAGASEHAK 3.82 1.80     
  99 KYIEAGASEHAK 5.62 2.49     
  99 KYIEAGASEHAK 1.32 2.58     
  99 SQPCHYSVGK 3.26 2.43     
          
20 MRP-like ABC transporter [Oryza 
sativa] 99 DLNFQAQQGMR 1.33 1.34 1.33  1.34  
          
23 Vacuolar cation/proton exchanger 1a 
[Oryza sativa] 99 NLGANQPYDR 1.35 1.56 1.35  1.56  
          
34 Putative NRAMP [Hordeum vulgare] 99 GFYGSEQADNIGLENAGQYLQEK 3.18 1.45 3.18  1.45  
          
35 γ-TIP-like protein [Hordeum vulgare] 99 EVYEVGALK 2.27 1.73 1.68 0.049 2.14 0.001 
  99 EVYEVGALK 2.22 1.77     
  99 EVYEVGALK 2.43 1.64     
  99 EVYEVGALK 1.34 1.64     
  99 EVYEVGALK 0.86 1.96     
  99 EVYEVGALK 0.76 2.42     
 30 
  99 THEQLPTTDY 4.13 3.46     
  99 THEQLPTTDY 1.04 1.73     
  99 THEQLPTTDY 1.08 4.47     
          
47 Uncharacterized membrane proteine 
[Oryza sativa] 99 LIDAGVSPR 1.84 1.36 1.84  1.36  
          
200 µM Experiment         
20 MRP-like ABC transporter [Oryza 
sativa] 99 DLNFQAQQGMR 1.555 1.553 1.56  1.55  
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Supplemental Table S1. List of proteins identified from tonoplasts of low Cd2+-treated 
plants. The protein confidence threshold cutoff for this study is ProtScore 2.0 (unused) with at 
least one peptide with 99% confidence. If a protein was identified from a single peptide (99% 
confidence), the peptide sequence, peptide precursor m/z, Δ mass, peptide charge, and peptide 
modifications were also listed. 
 
Supplemental Table S2. List of proteins identified from tonoplasts of high Cd2+-treated 
plants. The protein confidence threshold cutoff for this study is ProtScore 2.0 (unused) with at 
least one peptide with 99% confidence. If a protein was identified from a single peptide (99% 
confidence), the peptide sequence, peptide precursor m/z, Δ mass, peptide charge, and peptide 
modifications were also listed. 
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